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Tho maöhaniam v.horoby grain boundaries uro delineated Mid 
striationa formed on tho polished surf-oo of heated metal specimens 
has boon oxaninod.    Experiments on clootrolytioally polishod silver 
show that groin boundary grooves form at temperatures as low as 300 C 
and striationa at 500°C., in air.    Striation3 only appoar in tho 
presence of oxygon and may bo removed by heating in nitrogen. 

A fumuoo for 
Bpooimon tom^oraturus 

hi#i tomporcturo photomicrography, suitable for 
is up to about 950°0., is described. 

Provious theories arc found inadequate to explain the effoots 
observed in silver, and a theory v.hioh regards tho surface etching as 
an approach to equilibrium by tho reduction of aurfaoe free energy is 
suggested.    Thus tho equilibrium oondition of tho boundary is a groove 
whoso shape is determined by tho rolativo nugnitudoa of tho free 
energy per unit area of tho boundary and the surfj.ee tensions of the 
crystalline faces mooting the boundary in tho surface of the speoimen. 
Tho striations oro caused by tho formation of those crystalline planes 
having tho lowest froo energy, thu relative surface energies of different 
pianos being modified by the presence of adsorbed oxygon.    It is 
suggested that tho chlof moans whereby tho final structure is 
attained is that of surface migration of ions* 
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1   Introduction 

7h- nature and the properties cf the material constituting the 
boundaries at  the crystal ^ruinj in poly crystalline inetols are of 
profound, importance in the 3tudy of met ils, yet there exists coo- 
peratively little detailed information concerning than« As part of 
a general investigation of trio grain boundary, experiments were 
carried out to examine the nature of the etching effect icnown to occur 
frequently on polishes surfaces of metals when they ore heated« 
When conditions ore .men that this etching occurs, the grain boundaries 
aro delineated und it Ml felt that an understanding of t'htj meahanian 
of this phenomenon would provide valuable information concerning 
their nature« Under some conditions of heating, polished surfaces 
show, besides grain boundary markings, striations which oroaa tho 
different crystal grains in different directions« A3 in the oourse 
of the experiments on tho grain boundary etching, the opportunity 
aroae to observe this effect as well, it was examined and souo 
additional experiments designed specifically to provide information 
concerning it wore performed« 

Tho experiments wore all carried out on silver and it was found 
that none of the explanations previously put forward for the thermal 
etching process was completely satisfactory for the results obtained« 
A tentative explanation consistent with published results is sugscsted« 

i-reviom observations upon thermal etching 

A Numerous workers during tho past thirty yoar\ have observed 
that under certain conditions, v/hon a metal specim.n is heated, 
polished surfaces develop an etched appearance, cvorNthough no chemical 
reaction is to be expected« The two etching phencmenOyV.hioh Occur, 
the delineation of the grain boundaries and less frequently the 
appearance of striations on the crystal faces, have been explained 
in various ways, and th*- vork ox" previous investigators may bo 
classified for convenience according to \/hich of these phenomena they 
considered • nd tho theory put forward to expxain it« 

2.1 Observations on tr-in bound .ry Je'linutitiun 

Two main mechanisms have been postulated for processes result- 
ing in the outlining of the train boundaries! - (a.)  the preferential 
evaporation of the boundary material and (\>)  a trains resulting 
from expansion and contraction. 

2.11 preferential evaporation of ;rain boundary material 

The theory of preferential evaporation of grain boundary Material 
was first introduced in 1912 by Hosenhain .jid fVon-1-, who heated 
polished specimens of copper, silver and sine in a vacuum of 2 x 10--"1 mm. 
of mercury and found that grooves developed at grain boundaries but not 
at twin boundaries. By weighing the specimens they measured the rates 
of evaporation from the surface, and observed that when heated under 
otherwise identical conditions, specimens with small grain size 
evaporated more rapidly than those with largo grain sizo« xXtios of 
about 2.i,  1.2». und 1«2 for the rates oi evaporation in the two oases 
were observed for zinc, copper and silver respectively« They 
interpreted their experiments hy sup^osin^ that metallio grains ore 
joined by a cement oi' amorphous metal which has a greater vapour 
pressure than* the crystalline metal« On a. f.ting in Vacuumtho amor- 
phous metal exposed at tiio boundviv.s ovupore.toa more rapidly tluui 
the gr. ins, thus producing the boundary groovea« Xhej attributed 
the greater loss of weight irom the small grained specimens to the. 

-;-. 
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feat that they exposed moro grain boundary matorial than did tho 
apocdmana of largo grain aiau, and rloo as tho groovoB fanned the 
effective oron •was inoroaaod. 

Thoy alao suggoatod that tho grooves at tho boundarioa oould 
have boon produood In port by tho rearrangement of tho mechanically 
prliahod surface i^or to oonform with the oxyatollino at.-uoturo 
beneath. 

Fonda,2 working on tho rate of ovapoxvtiou of tungsten fil-monta 
at 2&77°C. i found that grooves iovolopod at tho grain boundarioa both 
in inert atmospheres and in a vacuum.    In vaouum the rate of evapora- 
tion from filament* with anull grain aiso was Xtk tinea that from 
filaments whoso groins were I» - 100 times longer, ijid Fonda attributed 
the phenomena ho observed to tho groc.tor volatility of tho grain 
boundary :.. .twriol. 

Thermal etching of tho grain boundary has boon observed in 
ferrous materials by a number of \rorkora and since it ahowa tho 
structure of the metal a3 it exists at high temperatures it haa boon 
aaod to atudy phaoo tronaformationa.   iLa oarly a3 1909„"Oaenhain 
and Humfroy3 found, on heating iron in a vac.um of 10~z mm* of 
mercury, two separate networks of grooves.   In the following year 
Krollt observed two networks on low and medium aarbon steel._wb.on 
heated in eithor a vacuum or an inert ge.a.   In 1912 Humfrey5 

, identified one of tho two networks aB the grain boundarioa of tho 
iron as it oxiated in tho   Y   oondition above ö^O°C; this network 
also ahov/ed twin boundarioa.    The other network which oroaaed tho 
firat at random, ho identified as tho outline of tho boundaries of 
tho   a   phase which existed below thu transformation temperature. 
Ra-.fdon and Soott^ found that tho two sets of boundarioa only 
occur rod -.Jhcn specimens wcro heated above tho   cc - Y     transformation 
temperature, below this tomporaturo orüy the   a   not\rork \as pro- 
duced.    Thoy believed that the grooves ware oausod by preferential 
ovapo ration although thoy ahowed that evaporation from tho cryatal 
fuoes \ma small booause alip linoa on tho aurfaco remained after 
hooting in vacuum.   Homingvay and i5nsi:J.nger7 confirmed previous 
experimental work but suggested that the wroovoa were formed by 
evaporation followed by subsequent condensation. 

Ictawdon and Borglund" hoatod electrolytic and open hearth 
iron in hydrogen at atmospheric pressure in the tomporutur« rango 
750 - 800°c., and obaorvod tho formation of arain boundary grooves 
which they asoribod to preferential evaporation, and more recently 
Day and ;iuatin9 have usod tho phenoi.ienon as tho basi3 of L. routine 
method for tho estimation of austonitio grain sizu in steels.    Tho 
polished stool specimen is hoatod in hydrogen at atmoapheric 
proasuro and quenched in mercury; grooves coincident with tho final 
grain boundarioa appear,   Mo scars are lefft at earlior position of 
tho grain boundarioa, and Day and Austin attribute thiB obliteration 
of soars to tho wrinkling of tho aurf-j.ee -»Auch occurs on quenching. 
\Ihon apooimena aro slowly cooled, however,  soars often ahow.    Tho 
formation of boundary grooves is explained by prcforontiol evapora- 
tion and they suggest that in inert atmoap!;oro3 at appropriate 
temperatures tho method should bo applicable to any metal or alloy. 
Hillo i and Dajp" onphasizo tho nooeasity for oxygon-froe hydrogen 
when examining stools containing aluminium; oxygen when present in 
vory anoll quantities oxidises the aluminium in a thin surfaoo 
layer and grain growth in this layor is inhibited. 

Parker and Suvoluchovraki     found boundary aroovos on heating 
in hydrogen to 1200°<i,a stool containing &?> molybdenum,in \toioh there- 
fore tranaforuution did not oocur.    Thoy found that molten silver 
spread raoro rapidly along tho30 grooves under capillary forces than 
across the crystal faces. 

» • • ' ' 
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2.12   Thj delineation af tho boundary due to strain 

The ou•,go*stior. that grain boundaries nay bo outlined as a result 
of stresses aaoacd by tho   .nljotropie expansion of tho individual 
groins rf*a recently boon out forward by Boas and Honeyooibc^* to 
explain both the nr-r&iija observed in thuir o.n experiments and those 
roportod earlier by Carpentor -nd Elan ^»    The latter observod on 
examining an antiiaony-tin alle;-, containing 1.5/J antimony, after 
hurting to between 15C°C .iid 200°C., that tho &vXn boundarios 
•./ore narked by li:io3 -.•hich they stated woro really difforcnoos 
in  level botk/oon adj--cunt crystals.    Thoy did not explain tiJQ lourting.», 
but identified then with the boundaries shewn by chemical etching. 
If grain growth occurred while the specimen was heated tho now grain 
boundaries \/ero indicated by tho narid.iiga when the speoincn waa 
examined after cooling.    Subsequent heating did not obliterate 
those markings, but where furthor jyain growth oocurrod a ncr„ sot 
of markings corresponding to tho now grain boundaries \/cro soon 
in addition to tho old markings, on examining tho cooled specimen 
onco more.    From this, Carpenter and ;;ii.n   concluded that the 
markings were only produced upon cooling,when the grain gro\/th v...-. 
arrested.    Tho grain boundary outlines '••'ere observod on spociuono 
which hod boon heated in air, in hydrogen, and in vaouo. 

Boac and Honoycor.ibo obsorvod boundary narkings in specimens 
of tin, slno and caduiun which had boon subjected to cycles cf 
heating and cooling.    Tho specimens were olcctrolytically polished 
and heated between 30°C. and 150°C«  in air at atmospheric pressure. 
Some opociuorid woro oxanLnod continuously during tho tcEporaturo 
cyclo and othora only after cooling.    Tho results uppoared con- 
sistent with Carpentered.HLain's observation that tho boundary 
markings were produced on cooling.     Mmilar experiment s on lead 
resulted in no boundary nar!ung3.    Thij together \rith observations 
on atriationa ;nd X-ruy investigation of. strains, which will bo 
roforred to in para. 2.22 led Boas and Honcycoribo to suggest that in tiio 
case of the non cubic notols tin,   .Tine, and oadraiua, since the ox- 
paiieionls anisotropio, strouoa are sot up in a randomly orientated 
aggregate '»hen it is heated and cooled, JnCL that those stresses 
oausod the differences in level at tho grain boundarios which thoy 
obsorvod.    In tho case of load which is cubic tho expansion is 
unifoir.1 and no stresses _ro 30t up. 

An earlier suggestion that anisotropio expansion could cause 
boundary markings was made by EvAan^t- to explain tho phenomena 
obsorvod in steels.    Ho suggestod that preferential evaporation 
was in3uffioiont to account for tho doublo network observod and 
that tho network corresponding to tho    a    grains wa3 due to tho 
anisotropio expansion of tho forrito orystals ./nila that for the 
Y   grains wan caused by the volume changes occurring in tho forrito- 
auatenito tranaformation.    J\s it is now known that anisotropio 
expansion doos not ocour in thu forrito crystals the suggestion 
must be diaoountod in this ease. 

drain boundary grooves have been ebaarvod by Johnson^-* on 
tungsten raid appear on photomicrograph3 published by Hai-*' but 
theso workers do not offer explanations of tho phenomenon. 

2.2      Observations on tho i'omation of ytriatxuus 

1'Uvo noohonisms n.wo boon suggeatod for tho appoaranoe of 
atriationn on the faces of crystals«    •. vaporation, migration of 
surface ions, ntrain causing slip linos, preferential oxidation, 

r,d tho formation of a new oonponcnt. 

«•P 
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2.21 av-por.tion 

Rosonhain and Bwon1 published a photonicro graph of silvor ..hioh 
shovod markod striations aftor hoating In air.   Hff oxplo-nation of tho 
phcnoaonon was offered In thoir paper bub In tho discussion it cppoarod 
that thoy regarded it as being duo to selective evaporation. 

Bavdon and BorgLujidr, in thoir experiments on olootrolytio and 
open hoarth iron hoatod in* hydrogen at atE03phorio pressure, observed 
striations on largo nurbora of grains and attributed tho offcot to 
"alight volatilization." 

2.22 Migration cf jurfr.ee ion3 

More oaroful attention was paid to the phenomenon of striations 
by Johnson1^, who observed it in tungsten filaments, the surfaces 
of ..hioh he exanincd in oonaiderablc detail, after thoy had been 
hsatod under various oenditions.    Ho found that the surfaoe struoture 
produced by the hor.ting depended upon the nature of the atmosphere and 
tho heuting ourront.    Thermal gradients in the filaments modified the 
Eurfaoo structure.    Tho filaments wore heated by the passage of ourrer.t 
through them; tho structure resulting from D.C. heating -«as different 
frcm that produced by A.C. heating and that produced by A.C. vas 
independent of tho frequency.    Johnson'Concluded from this that A.C. 
heating Wi equivalent to heating from an external source. 

Filaments hoatod by A.C.  in a vacuum developed only grain 
boundary grooves, except whore thermal gradients near the supports 
caused a utepped struoture.    'When heated by A.C.  in lamp gas (Argon 
86;5 Nitrogen 14,0 at 60 cm. pressure) tho filaments developed faoots 
Yihioh X-ray examination sho'.ved to have simple orystallographio indices. 
Hear the supports the facets vroro superimposed on the stopped struoture 
caused by thermal gradients. 

Filaments heated by B.C.  in a vacuum developed a stepped structure 
orientated with rospoot to tho direction of the ourront, and those 
heated in lamp gas showed faoots aii.dlar to those of the A.C. hoatod 
filaments as voll as the stepped structure.    Jixocpt for minor differences, 
filaments hoatod in nitrogen and in argon shoved a similar structure 
to that dovulopod in lamp gp.a. 

Beoause the loss of weight-duo to evaporation was not sufficient 
to aooount for the ohangc in shape of the filaments heated in gaB, 
Johnson concluded that the faoots dorolopod by evaporation of surfaoe 
atoms and thoir reflection baok on to tho surfaoe by tho gas atoms* 
The stopped structure which occurred with D.C. heating and that caused 
by temperature gradients, Johnson supposed were oausod by the surfaoe 
migration of positive tungston ions in tho cleotrio and thermal fields, 
tho rate of drift depending upon the oryatalLlographio direction.    A 
subsidary experiment shovod that thorium migrated over the surfaoe of 
tungston in an ionic form, tho direction of migration being influenood 
by an applied olootrio field.    Johnson also found that tantalum, 
molybdonum,platinum, iron, and niokol filaments remained smooth on 
heating with A.C.  but roughened when heated with B.C. 

Gwathmey and Bonton,-'-?--^ oxandning tho reaction of gases on tho 
surfaoe of coppor, used a sphorioal singLo-crystal of ooppor whose 
surface was obtained unoxidisod in a strain free oondition by 
olootrolytio polishing-followed by annealing in hydrogen.    Thoy found 
that hoating in a vacuum of lO^* iinu or in hydrogen at atmospheric 
pleasure, oausod no change on tho surfaoe of the orystal, but if the 

'•-. 
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sphere \<as hoatod in air :.t pressures -nd tenperaturos vihich produced  . 
only a thin oxide filu,\sn oxide pattern Ma produced vhieh indioatod 
that different eryetalloaraphio .lanes are oxidised Xt different r-tes. 
A aphoro heated to 1,000°C at a pressure of 0*3 :»&• shoved besido 
this differential oxid-.tion, circular striatiorr spreading out to 5*5 nua. 
di.moter around tho (110) and (111) poles of the crystal.    Tho 
striations '«ore caused by tho dovalopmont of (110) and (111) planes 
at those positions*   'When tho sphere was hoatod to 580°C.in hydrogon 
tho oxide film disappeared and tho striations were diminished» 

.» mixture (3 '• 1 by volume) of hydrogon and oxygen v«.s passed 
over another spherical copoor crystal r.nd tho temperature gradually 
ineroasod.    Oxidation oocurrod up to   . temperature of 260°C.hut at 
higher toi^>e.- -turcs the oxide film (M reduced*    ...t 360°C. rough und 
smooch areas appeared on tho surfaoo and aimult .noously the catalytic 
reaction becuuo aporociiblo. On microscopic examination it was soon 
that the facets had developed parallftlto tho (ill) andQJ-O) planes. 

Prom these experiments Gvathmoy ..nu Benton concluded that at 
temporatures belo'«." tho molting point rearrangements of the surface 
atoms con ooour to produce facots vith simple crystollographic indices. 
These facets aro probably the active centres at v.hich catalysis is 
concentrated* 

2.23    Stri.-'.tiena due to strain 

Boas and Hoiieyecmbol2f in their experiments on tho heating of 
spocimens through cyclou of tenqaorature change, observed the formation 
striations on tho grains of poly crystalline samples of tin. zino and 
cadmium, but not upon tho so of lead specimens.    The striatipns occurred 
to different extents in each metal; in ~ino after 200 cyclos almost 
every grain v.".3 striated; in cadmium aftor 200 cyclos most grains voro 
striated and in tin fuw grains shoved stxiations.    Using cadmium they 
found that tho proportion of grainsthat vero striated and the number 
and intensity of tho striations increased vith the number of oyclos 
but »(as independent of the duration of the cyole.   By examining the 
speoimon continuously they found that tho striations increased during 
both tho cooling and the heating portions of the cycle.    .» uinglo 
crystal of caduium shoved few striations when subjected to temporaturo 
cyclos. 

•i 
Laue photographs indicated that internal strain accumulated in 

tho metal with increasing nvrfcors of cycles.    This was confirmed by heating 
oadmium Bpeciinenj aftor different numbors of cycles to 250°C -..hen 
recrystalliaation oocurrod.    The resulting grain size varied with tho 
nunibor of thermal cycles in tho manner to bo expected if plastic   , 
deformation had aoouuuiated with eacli cycle.    Boas and Honoyuombe 
.'attributed the appearance of the striations to the same mechaniss:. as they 
did tho appearance of tho grain bounJarlos (Sec. 2.12); the expansion 
of the grains of tin, sane and oaunäun is aniootropic and stresses 
arc oauaoi in the r.'-ndoinly orientated aggregate of crystals on heating 
and ooolj.n^.    The striations are the slip line» resulting from tho 
deformation caused by those stresaos. • • 

2.2...   rrexort-ntj. -1 o:dLa>»tion 

Elom l0 h^...ted :•. nuchauioally polished specimen of copper 
containing ouprous oxide, in a vacuum of about 0,5 ow. to a temperature 
between 900°C. and 950°G«, :»nd found that striations appeared; oxygen 
free oopxjor heated under aiuilar conditions devalopod no striations. 
If hovovor tho aurface oi' the o:;ygen free copper u&a fix>3t oxidised 
and tho spooinon then hoated in a vacuum to 900cc. the o:Ado disappeared 
to louvo ;'• utriatod surface.    It vao found that the formation of striations 
was very sensitive ' o surfaoo preparation and   von prolonged hoating at 

v 
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950 C.did not remove the effects of the pcliah« 

Using single, crystals she found that.if an etohed faoc was 
polished and reheated the striations reappeared in the same directions 
and that their spacing -./as tho same.    Sopc.ro.to specimens cut from 
the same single crystal also showod the same striations on oorros-- 
ponding faces.    TOioro striutions appoarod on throe, faous of •> ninglc 
crystal, they could not bo identified as tho intersection of a singlo 
piano with thoso three surface;: although the directions of the linoB 
on single faces wore consistent ..ita their being tho intersections 
of (100) or (110) planes with that uurfaoo. 

Tho mechanism suggested by Elam   for tho formation of the 
striations is that when tho surface of copper ia oxidised the r. to ox 
oxidation is greatest for tho (100) and tho (ill) planes.    V/hon the 
Lipcoimon ia then hoatod in vacuum to a high temperature tho oxide 
avaporatos leaving a striated surface.    In tho oaso of the copper 
containing cuprous oxide, tho oxide decomposes on heating and the 
oxygen difi'uaos to the surface,which it oxidises.    Tho striations 
aro thon produced as in the oaso of the sx<ooiiaen whose surface was 
initially oxidised. 

2.25   Tho formation of a new component 

Day and Austin^,who obsorvod 'wrinklos' on tho surfaoo of stools 
huutod in hydrogon and rjuenohod in morcury» attributed them to the 
formation of a thin surface layer of martonsite or some similar 
product by tho quenching.    They did not appear on alowly cooled 
specimens. 

3 Hxp^rimontol I'rooodure 

A nuntoor of experiments -..ore performed to examine the thermal 
etching of high purity silver.    Vrolimin^ry oxperimonts indicated that 
tho phenomena woro vory sensitive to surface preparation and attention 
was ooncentrated upon finding a method of preparation which gave 
consistent, reproducible results.    A method of electrolytic polishing 
im.a found most satisfactory and a series of experiments wore carried 
out on specimens proparod in this way to examine the off oats of 
temperature and various utmoBphoros »n the etching process.    To 
examine the surface of silver spocimena ..Vu.n they woro at elovated 
tamperaturos a furnace was desifjied to onable microscopy to bo 
carried out at high tunporatures. 

3.1      Selection of Material 

Silver was soloctod as tho material for the first oxpeidmonta 
on thermal etching phenomena for a number of reasons.    Sinco tho 
grain boundaries are oonoernod in the etching» purity of the metal 
is of great importance as< quite a small  average iiapurity oontont nvi /.L, 
if oonoontratod at tho grain boundary, have a largo effect.    Silver 
may bo obtained in a condition of high purity.    Tho silver used was 
supplied apooii-lly by Johnson, i<Iatthoy .aid Co.Ltd., who cast it in u 
vacuum and then cold forged and cold rolled it into 0 S.*.T. Cm   tihuot. 
i'jiolyaiu shoved 0.00016/:    iron; O.C001A/, m-nganeso and faint traces 
of magnosia*.,oalcium,  silicon und lead. 

The reaction of silver \/ith oxygon ia rwvoraiblo20"1^ und no 
o: i-l tioM of ailver occurs -,t taaporaturos abovo 200°C oven in oxygon 
;.t atiiOBphorio pressure.    Bolov 200°C oxidation is alow c.nd it 
bocomoa negligible below 100°0. 

\ 
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As the crystal structure of silver la cubic its thermal expansion 
is Isotropie anJ. no stresses are set up «hen a polyerystalline specimen 
is heated or cooled as long as there are no thermal gradients in the 
specimen. 

3»2       The preparation of specimens 

Initial experiments •were carried cut usin• ailver ••mich had been 
i-round on emery papers* and then mechanically polished on velvet with a 
commercial metal polish.   Because of the softness of the silver con- 
siderable difficulty was experienced; for reasonably reproducible results 
a tedious process of alternately polishing and chemically etching was 
needed and oven after this process, it was found (in agreement with 
the results of ELam-"-" for copper) that the effects of grinding woro 
not removed by heating to a temperature near the melting point. 

Finally a method of electrolytic polishing was found, which gave 
reproducible results and all specimens were prepared by this process. 
The cell used ia shovm in Fig.l and the process is dteacribod« in detail 
in Aj•.. enaix 1. 

3«3       The effeot of temperature on the etching 

To examine the ei'fect of temperature on the etching of silver, 
specimens were heated in a fused silica tube open to the atmosphere. 
The tube was placed in an electric furnace already set at the required 
tempei*aturo.    A* thermocouple placed near to the specimen was used 
to indicate the specimen temperature and the furnace was controlled to 
maintain the temperature to within + 1°C.    The temperatures examined 
were 3C0°G, 500°C, 700°C, 850°C   and" 9lfO°C and W.g.3 (* 250) shows the 
structures exhibited on examination whan cool after 11 hours at these 
temperatures.   Fijj.V (x 150C) shows those structures (excluding that 
for 300°C) at a hifhor ma.-nification.    The structure of the hard- 
rolled silver before heating is sham in Fig.ll. 

Grooves havo appeared at the grain boundaries and striations 
have occurred on the grains themselves.    The striations change their 
direction at grain and twin boundaries.   Extensive grain growth has 
occurred at the hi$wr temperatures and the proportion of twinned 
oiystals ia hitthor at these temporaturos.    At 300°C no striations 
havo appeared and the grain boundaries are incomplete.    At 500°C 
the boundary grooves are complete and striations have bogun to appoar. 
The proportion of graina striated is se^n to inoroase with tempera- 
ture and above 850°C nearly all the grains are striated.    At tho 
higher temperatures tho 3triations arc moi\j olosoly spaced and a 
second set of striations, inclined to the first, appoar on some grains. 
Tho striations which form at tho lower temperatures arc not as straiiht 
and regular as those formed at the hi(*her temperatures; a few circular 
atriatian3 are shown in Fig-A-a (x 1500).    At the lower temperatures 
the »urvaturo caused by the boundary jcoovaa appears to extend over 
an appreciable area of tho grain Burfaco;    if the striations were the 
traces of speoific orystallographic planes they would bo curved on a 
curved surface.    Gwathmay and Bontonl7 observed circular striations 
on spherioal oryatals of oopper. 

3 .I*       The effect of atmosphere on tho etching 

Specimens were heated at 920°C in air, in oxygen, in pure nitrot-en 
and in a vacuum of better than lCT* ma« of mercury.    The speoiiaens woro 
once moro heated in a silica tube.    Tho required atoiosphero was established 
in the tube before it was placed in the furnace which \na already at the 
required temperature.    Tho spoc.imon reached tho required tor.iperaturc in 
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about 10 rains« *£tcr tho period of her.tir.g the tuba was allowed to 
oool In sir and tho specimen cooled to 100°C in about 10 mins., and 
room temperature in «bout 20 . dns. In all eaaos the atmosphere was 
maintained until the specimen cooled to room tamperaturo. 

Ordinary comaorci-J. oxygen was used and oxygon-froo nitrogen. 
The nitrogen oontr.ined less then 10 vol/million of oxygon, loss 
tlian 50 vol/million of liydrogen and less than 0.02 gr/cu. metro 
of water vapour at 120 atmospheres pressure. 

Typioul photomicrographs of surfaces after those tests ore 
shown in Pig.5 (* 250). 

In «3.1 cases oxtonsivu grain gro..th has occurred.    In air 
(Fig.5a) grain boundaries h .ve foruod and strong striations have 
appeared.    Similar results are shov.n in Fig. 5b for specimens 
heated in oxygon, but in general tho striations are more closely 
spaced and frequently a second set of striations appears inclinod 
in direction to the first.    In some oases a third uot appears. 
Fig. 6 (x 2000)  ahovs the complicated structure devolopod in oxygon 
and may ho compared -.dth Pig.7 (* 2000) 'ihich sho./s tho structure 
after hooting in air.    In nitrogen, grooves appear at tho grain 
boundaries and to a lessor oxtont at twin boundaries;     .o  striations 
appoar. Ii  v\cuum tho gr. .in boundaries show a3 grooves.    No striations 
are produced but tho surface rapidly becomes rough.    Fig.5 (x 250) 
»lows the surf-.ee after only lsV houru in vacuum at 920*0, and is 
therefore not c^riotly comparable with the other photomicrographs. 
It may hovevor >.o oomporod with Fig.l2f which sliows the surfaco after 
heating in -J.r for 1^ hours at 92C°C. 

Some -.'tempts were made at hoating in hydrogon but tho results 
•..ore unsati. Tactory because the hydrogon M&a of doubtful purity. 
Tho results did however show no evidence of striations. 

To verify that the boundaries mar:;ing8 observed were in fact 
groovoB as suggested by microscopic examination and not differenoes 
in lovol botv.'oon adjacent grains, electron microscope repliou 
photographs were obtained of " sample heated in nitrogen.    The 
photographs confirmed that the markings wore grooves below the level of 
both grains.    Electron micros'.ope photographs of - specimen heated 
in oxygon '.;ero also obtained.    Fig.9 (x 2500)  shows tho complexity 
of the surf.-.ce structure. 

3.5     The reversibility of striation otching 

Because striations only appeared in ...toospheres containing 
oxygon,  oxporiments were a.irridd out to detcrmi' e whother striations 
could be made to disappear by hoating in nitrogen after heating in 
air.    Specimens wore first heated in   nitrogen until grain growth* 
was only proceeding 3lovly, then in air for a sufficiently long 
period for striations to form, then in nitrogen for various lengths 
of time.    Pig.l0a (x 250}  shows the surfaco after 11 hrs. in nitrogon 
at 920°C, Pig. 10b (x 250)  :;hewc tho same surfaco after heating for 
1 hr. in air at tho si me touporaturo; striations have formed.    Pigs. 10 
(c, d and o)  (x 250)  show the surface   .ftor a further hoating of 
1, 3 and 11 hours respectively in nitrogen; tho striations havo 
gradually disappeared.    Fig.lOf (x 250)  shows tho effect of hoating 
for a furthor period of 1 hr. in <JJP.    The 3triations havo appeared 
in tho some directions as before but are uca-c closely spaced. 

1C 
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During the preliminary anneal in nitrogen extensive grain growth 
occurred and subsequently little boundary migration occurred.    However 
between Fi^.lOc and lOd boundary migration restarted and scars are 
seon to remain in the positions where the boundaries halted.    Die scars 
gradually disappeared on further heating in nitrogen. 

3»6     ItJi-ji-tenporaturc microscopy 

In the previous experiments the specimens were all examined after 
cooling.      In order to determine whether the boundary grooves and 
striations appeared whilst the silver was at the high temperature or \rtiether 
they appeared during the processes of heating and cooling, specimens were 
examined continuously while they were maintained at high temporaturos. 
The furnace constructed for this purpose is sham in W.p.2 and described 
in appendix IX. 

Fig.12 shows a series of photomicrographs taken while a specimen 
:rxa heated up to 9?0°C and maintained at that temperature.    Fig.lZb 
shows that after only 6 mins. by widen time the temperature had reached 
575°C the boundaries had appeared.    Striations may be seen in Fig.l2d 
which shews the surface after 19 mins. when the temperature had reached 
850°C.    Iho photomicrographs clearly demonstrate that both grain boundaries 
and striations ore present at the high temperature and arc not formed by 
the cooling process. 

'Ihe technique provides a convenient moans of observing groin 
growth continuously.    Grain growth is Beun to occur by the migration 
of the boundaries;    the grooves move with the boundaries leaving in 
jpneral no scars at previous positions.    Occasionally a network of 
30ars is loft and it is believed that the network coincides with a 
position of the boundaries where for some reason grain growth was 
temporarily halted. 

\Jhen silver of commercial purity is heated in air, grain growth 
is retarded at the surface owing, to oxidation of impurities at the 
grain boundaries, but camston^ has shown that in high purily silver, 
grain growth proceeds at the same rate at the surface as in the centre 
of the material.    Fig.12 should therefore be -typical of what happens at 
the centre. 

3»7   ' Summary of, results 

Briefly summarized,  the results of the experiments may be stated 
aa:- 

(i)    Grain boundaries appear as grooves when silver is heated in 
air, oxygen, nitrogen, hydrogen and in vacuo.    They were 
observablo in specimens heated in air at temperatures as low 
as 300°C. 

(ii)    Striations appear when oxygon is present in the atmosphere 
and may be caused to disappear by heating in nitrogen,    "ihe 
lowest temperature at which they were observod in heating 
in air was about 500°C. 

(iii)    Both striations and grain boundary grooves are formed at the 
high temperature and are not produced by the cooling process. 

(iv)   T/hen grain growth occurs the grooves move forward with the 
boundaries and there are not in general soars left at previous 
positions. 

11 - 
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Discussion 

The results of. the experimental work on silver »ay conveniently 
be discussed, initially, in relation to the theories put forward by 
earlier investigators, outlined in Section 2. 

4.1       Discussion of previously 3-.-.raeatad theories 

^•11   Preferential evaporation 

Rosenhain and Ewen1 outlined the first detailed theory of the 
structure.of -the grain boundary in metals when discussing the results 
of their experiments on the rate of evaporation of silver in a vacuum. 
They suggested that the grains in a pure metal are joined toge-Uier by 
a layer of "amorphous convent".    The atoms of this amorphous cement 
are identical with those of the rest of -the metal hut they are in a 
state of disorder as in a supercooled liquid or a Boilby polished 
layer. ' JJnplicitly they considered this cement as a distinct therrao- 
dynamic phase, vdth specific mechanical and -thermal properties;    in 
particular it was regarded as possessing a definite vapour pressure 
greater than that of the crystalline material.    They observed -that 
speoimena of small grain size" evaporated about 50j6 more rapidly than 
specimens of large grain siso and explained this by the fact that Ihe 
small grained specimens exposed more grain boundary material -than the 
large grained specimens;this boundary material evaporated more rapidly 
than the orystalline material of the grains.    In addition when the 

•boundary material evaporated it left grooves and additional evaporation 
took place from the wall3 of the grooves. 

The fact that the different rates of evaporation could "be explained 
in this vroy was taken as strong evidence that this picture of the grain 
boundary was oorrect and that the grain houndary grooves were x'roduoed 
by preferential evaporation.    As was pointed out by Dosen, howovor, in 
•the discussion of Rosenhain and aven's paper, this theory was inadequate 
to account for the magnitude of the difference in rates of evaporation. 
The -theory has been., considered in detail from the standpoint of thermo- 
dynamics and the kinetic theory of gases in Apr°ndix III, whioh shovs 
that considered as a separate phase the grain boundary material must 
have a vapour pressure less than that of a supercooled liquid and oven 
that of a supercooled liquid is far too small to account for the 
different rates of evaporation observed experimentally.    In addition, 
it is shown that the formation of grooves,  does not enhance the increased 
rate of evaporation by the evaporation from the walls of the grooves. 

Since after all the theory of preferential evaporation is in- 
adequate to explain the differences observed in rates of evaporation, 
these cannot be regarded as evidence -that the grain boundary grooves    „ 
are formed by preferential evaporation.    The more recent work of Fonda*2 

on tungsten has confirmed that small grained specimens evaporate more 
rapidly than those composed of large grains but no adequate explanation 
has yet been put forward.    This experimental fact is regarded as 
significant and further work on the problem is contemplated. 

Neither Rosenhain and Ewen, nor Rawdon and Berglund" offered 
evidence in support of their suggestion that the striations they 
observed in silver and in iron respectively wero caused by evaporation. 
The importance of evaporation as a possible mechanism for the formation 
of striations i3 discussed in Section 4.3. 

- 12 - 
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4« 12   Strain 0.3 the cause of the atchlr.^ structure 

Ihe marked similarity which exists botween the surfaoe structures 
observed by Boas and Honoyoowbel2 on sine jid cadmium and those shown 
by- silver heated in oxy^or, suggests at first that tho phenomenon is due 
to the some cause in both oases«    4 comparison of FigOo (* 250) v.tiioh 
shows tho surfaoe structuro of silver heated in air for 11 hours at 
700°C, with Fig.3c(^. 100),of Boas and Honeyoombo's paper, showing sine 
after 100 thermal cycles between 30°C and 150°C>,brings out many points 
of similarity; the gruin boundaries   .re outlined ...nd tho striations 
resemble cno another in 'tho fr./o photo.iicrogrc.phs.    Boas and Honey combe's 
explanation of tho striations as slip linos due to tho stresses caused 
by the anisotropic expansion of the grains and the boundary delineation 
as steps caused by tho same mechanism cannot apply in the oase of silver» 
Silver, being cubic, expands isotropioolly so no stresses ore oaused; the 
3triation3 increase in nuuber '-<ith time .dien the temperature remains 
constant and they may bo removed by heating in nitrogen.    The. striations 
in cadmium however '..ore observed by Boas and Honeycombe to occur «hen 
tho specimen v.s cooling. 

Tnco again in ailvor the grains are outlined by groovos which move 
forward i/ith the grain boundaries when migration occurs whereas both 
Boas and Honeycombe and Carpenter and Klam 13 observod that in their 
spocimons of lion -cubic metals the grain boundaries v.uro outlined by 
steps which did not migrate with tho boundaries and that new steps 
appoarod on oooling. 

In vie./ of thei.o considerations it is probable thr.$ despite tho 
similarity in appearanoo of the surface structures, the thermal etching 
of silver is produced by a different mechanism from that causing tho 
features observed in tin, cadmium "nd sine subjected to cycles of 
temperature change. 

4.Xi    Prefüronti:il oxidation 

Groat  similarity exists botvoon the photomicrographs of silver 
heatod in tho presence of oxygon and those published by Elam 1&,  for 
oopper containing cuprous oxido hei.tcd in vacuum.    The rosenblrnoo is 
30 marked that it Is difficult to believe that tho structure are not 
produced by the same mechanism.    The results ore similar too in that 
ELain   observes that  striations only oocur in copper \.hen oxygon is 
present.    Her explanation of tlie phenomena hovover, as being due to 
the decomposition of ouprous oxide in the mass of the copper, diffusion 
of the oxygen through the copper to the surface, preferential oxidation 
in certain orystallograiihio directions at th«j surface follo\/od by 
evaporation of the »>xidu to leave a bright  striatod surface, cannot 
apply in the case of silver, because silver does not form an oxide at 
the temperature of the experiments. 

ir.U...   Other previous theories 

The suggestion put forward by Day ard Austin    to explain the 
wrinkles on the surface of steels heated in hydrogen, that a thin 
surfaoe layer of a new component was formed cannot have any significance 
when high purity silver i3 considered.    Tho significance of the suggestion 
in relation to steels is somewliat doubtful as Day and Austin observod 
striations in hydrogen purified iron, in viiioh martens!te is not formed. 

The suggestion of O/athmey and Benton^'that the striations they 
observe on ooppor are duo to the rearrangement of the surfaoe atoms 
which ooours only in tho prc3onoe of oxygen, a phenomenon which they 
oarefully distinguish from preferential o:ddationj  and that of Johnson 
that the steps on tungsten fil.anents arc duo to migration of surface ions 
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under the action of potential und thermal gradients is in closo accord 
with tho tentative picture put forward by the authors and will bo 
discussed with that theory in Section .r.5» 

if.2     fiSMBSSSä rua80na tor tno thormal etching of silver 

i..21    ^rair. boundary jj^jpvuj 

A detailed pioturo of tho grain boundary is not necessary for the 
interpretation of tho grain boundary grooves.    Tho grain boundary must 
be a region of atomic disorder; because of this the free energy of a 
polycrystolline metal is groator than thut of a singlo crystal with the 
sumo dimensions.   Formally we can attribute a oortuin froo oncrgy to 
per unit area to the crystal boundaries; this is analoguous to the free 
energy per unit urea attributed to the heterogeneous regions between 
different phases, in the thormodynaiaio description of multi-pl.-ou 
systems.    (See for example Guggenheim*?). 

"."hen a metal is heated and no chemicul action takes place, tho 
only changes which o.n occur are rearrangements of the atoms to reduce 
the total free energy of the metal to a minimum.    Assuming that tho 
grains are strain froo this free energy for a given speoimon can be 
divided into throe parts:-    (a) Tho free onorgy which tho mass of tho 
metal would possess if it was at the centre of a strain free lattice. 
This is obviously constant    (b) The additional froe energy introduced 
by the removal of the specimen from the oontre of the lattice.    This 
is defined as tho froo energy of tho surface,     (c)   Tho additional froo 
onorgy introduced by dividing the mass into crystal grains of random 
orientations.    This is defined as tho froo energy of the grain boundaries. 
It is seen theroforo that tho approach to     a   minimum of froo onorgy 
in a strain froo specimen must toko plaoo by the reduction of tho 
surface and grain boundary froo onergioB. 

Adam^o allows that in obtaining equilibrium conditions it is 
mathematically equivalent to regard a surface having a free onorgy 
por unit area as having a tonsile force per unit length of tho somo 
numeric 1 value and acting par^illol to the surfaoe.    Equilibrium con- 
ditions for tho grain boundaries can thoroforo bo obtained by rogarding 
them as tho scat of surfaoe tension forces.    It soemo probable that 
the froo onorgy oor unit area of the surfaoe between two grains will 
depend upon thoir mutual orientations. 

! 

At the intersection of a grain boundary with tho surface    there- 
fore, thero are throo tension forces acting at a line; tho grain 
boundary surface tension, and tho surface tension:; of tho two crystalline 
facos mooting tho boundary 
aro given by Pig.l^i«    Tho 
plane of the figure is 
perpendicular to the lino 
of intorsoction of the 
foroos.    T^ is tho surface 
tension of surface of grain 
A, 'iy that of B, and 
T|ffl tho oquivalont sur- 
face tension of tho grain 
boundary.    Tho condition 
for equilibrium is then 

T^fl/sin 1 a \/ 3i" a • Tg/sin ß. 

Tho conditions for equilibrium therefore 
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minimum and thoroforo thoy should bo piano« \jould 
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tion of tho boundaries will occur ro as to endeavour to 
satisfy these conditions, al both vuinot bo 

simultaneously, a metaatablo state i: h   I,       I the 
metal should, approach, more and more slovly, a single cryc' 
Harkcr and Parker27 using a different appraac) 
2V3 she-.. nilibriumis possible in gonoral. 
This is tho result whioh vould be obtained in tho above analys.L. 
the froo energy per unit ar.     of     grain boundary •./ore independent 
of tho orientations of tho crystals, mooting at that boundaiy»    This 
i:   unlikely and it would bo oxpootcd that usually tho angles -./cud 
not be oquul to 2 .    . 

In general i4ien roozyst;.llization is complete tho grain boundaries 
aro not plane and moot at .  angles.    It ^»uld bo anticipated 
on thi:   thisory of grain grov.th that tho boundaries would than • i\ 
so as to increase their radii of curvature and make th. if 
intersection satisfy the equations for equilibrium.    The grain bourftlarics 
shown ir. the sorier. of photomicrographs of Pig.12, do not al] appear to 
behave In thir wsy;  some boundaries advance so as to decrease their 
radii of ourvaturc.    However there photomicrographs roproaont only a 
sootier, of a throe dimensional grain bn;j ; the curvature 
shovn is not necessarily the actual ourvaturo <?i" the boundary. 
angular oondition for oquillbrii op] hoc bho    ; 

ef sootier.  LJ  porpondioul.-r to tho lino of int 
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•n&ifc is cludir that a groove should form on tho surface at tho in tor soot ion 
of the boundary wUh it. 

While the conditions so far considered specify the angles in tho 
boundary grooves, their depths are controlled by the grain size. If 
tho free energy per unit area of tho grain surface wore independent of 
crystollographio direction, the equilibrium state would be reached -..hen 
each grain iurfaco was a spherical cap intersecting its neighbours 
at the equilibrium angles. The grooves which are observed in polished 
spocimens represent an intermediate state in tho approach to equilibrium. 

llo measurements have yet been made of the angle   Y    at tho bottom 
of groovos but the photomicrographs indicated that it may be snail 
c-iough to i.ioan that the free energy of the boundary is comparable vith 
those of the crystal surfaoes.    '.Thilo this in itself is surprising, it 
is possible that tho froo energies of the crystal surfaces have boon 
reduced from th„t of a clean surface by the presonco of adsorbed gas. 
It is therefore suggested that quantitative moasuroments would havo 
little significance except whore made on perfectly clean surfaces.    It 
is possible too that grooves might not appear on such surfaces. 

The consideration of the boundary as a seat of surface tension 
forcos should bo significant in cases where grain growth (as distinct 
from rocryst^ü-lization) occurs.    Tho changes produced by (the grain 
growth must reduce the froo energy of tho system, end the1 only mannor 
in which thi3 can bo brought about is by reduction of tho grain 
boundary onorgy.    Tho conditions for equilibrium at tho intersection 
of throe grain boundaries are similar to those for tha intersection 
of tho boundary with the surface, i.e. the ;..nglos between the boundaries 
are governed by tho relationship T/jj/sin Y = Tjjc/sin a'rn TjW'sin P , 

re T VD is tho surface tension bctwoon grains A i"4id B ^«d   Y   is ^ihore the wiiuxo  x vn  -i.» wiu   muiauu   biuisxuii  uuuwvjuji  ^"jjua A WIU. v -wiv*      i     *a 
angle mode by grain C etc.    The area of the boundaries should bo a 
minimum ;\nd therefore they should be piano.    A motastcilo state would 
then exist when tho boundaries met at tho correct angles and were plane. 

Migration of the boundaries will occur so as to ondoavour to 
s-vtiofy those conditions.    In^noral both these conditions cannot bo 
satisfied simultaneously, a metustuble state is not  reached, and the 
natal should approaoh, more and moro slowly, a single crystal. 
Harkor ;^nd Porker2? using a different approach and taking a = ß = Y 
2V3 shewed tht.t metL.sti.blo equilibrium us possible in general. 
This is the result ^Aiioh would be obtoinod in tho above analysis if 
tho free energy per unit area of a groin boundary wore independent 
of the orientations of the orystals meeting at that boundary.    This 
is unlikely and it would bo expected that usually the anglos would 
not be equal to 2V3« 

In general \toen reoryst:21iaation is complete tho grain boundaries 
aro not plane and meet at -j-bitrary anglos.    It would bo anticipated 
on this theory of grain gro-.rth that tho boundaries would then advance 
so as to increase thoir radii of ourvature and make tho angles of 
intersection satisfy tho equations for equilibrium.    The grain bourfdarios 
shoNm in the series of photomicrographs of Fig.12, do not all appoar to 
behave in this way;  some boundaries i-dvanoe so as to decrease thoir 
radii of ourvaturo.    However these photomicrographs ropresont onlv a 
3ootion of u three dimensional grain boundary system and tho curvature 
shown i3 not nooossarily the aotuol curvature of the boundary.    Tho 
angular condition for equilibrium is appropriate only \/hon tho piano 
cf section is pcrpondioul^o: to tho lino of intersection   of tho boundaries. 

It is felt that thi3 subject could best be investigated by moans of 
thin silver foil, suitably strained and then anneulod at low temperature 
so "that when roorystr.llisation is complete the grain size is large 
compared with the thickness of tho foil.    Tho boundaries will then bo 
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normal to the sheet surface and when on heating to a higher temperature grain 
i^rowth occurs the changes in the boundary can he quantitatively determined. 

-1..22   3tri -tions t 

Only if the free energy per unit area is independent of the 
crystallographic surface will a. grain surface in equilibrium   he that 
of the minimum area consistent with boundary conditions.    If different 
crystallographic surfaces have different surface energies the condition 
for minimum free energy will not be same as that for minimum surfaoe. 
Lennard-oones   end Taylor2" found by calculation that for rook salt the 
surface energy     of a (110) face is almost four times as Great as that 
of a (100) faoe,  so that in equilibrium the (lOC)face will be preferentially 
developed.    Lukirs::y29 found that on heating a spherical crystal of rook 
salt, it developed crystaliographic facets and changed its shape to 
that of a polyhedron. 

TOvon silver is heated in nitrogen the condition for equilibrium 
seems to be that of the minimum surface area consistent with the boundary 
conditions«    However when the silver is heated in tho presenoo of oxygon 
striationB appear on the grain surfaces and these increase the surface 
irea.    That this represent an equilibrium state or at least an approach 
to equilibrium is shown by the faot that the formation of tho striations 
is reversible and they appear and disappear whan the atmosphere is 
changed between nitrogen and oxygen. Whatever the exact mechanism may 
bo, it seems that the presence of oxygen modifies the  surfaoe energy of 
oryBtallographio planes so that they have different energies« 

Mother effect that may be import .nt is one investigated theoretically 
by frvelaUr ,    He shows that at non zero temperatures the condition for 
equilibrium of a crystal faoe is not that it is plane, but that it should 
be covered by a aeries of steps of one atom deep;  stops up or down being 
equally probable«    This is because at non aero temperatures the equili- 
brium condition is that the free energy and not the internal energy must 
be a minimum;  so, analoguous with tho molecular velocities and non minimum 
kinetic energy of a gas, wo have for a crystal face not the minimum 
potential energy of a smooth surfaoe but a natural roughness of the 
surfaoe whose degree depends upon tho temperature.    It is possible that 
a run of steps in one direction might produce a visible roughness, but 
it is not clear how it would bo induced only in the presence of oxygen. 

Since tho conditions of the experiments recorded in this report axo 
suoh as to preclude tho formation of oxide the oxygen must affect the 
silver by forming cither a solid solution or an adsorbed layer.    Stoacie 
and Johnson31 have found that at 800°C and 800 ran. pressure, silver 
dissolves 0.0.52;; atomio l/i of oxygon; thoy mado no measurements at higher 
temperatures but suggest that the amount of oxygen dissolved in solid 
silver Just below the melting point is the some as that dissolved in 
liquid silver, i.e« 1.37 atomio '/*•    There appears to be no information 
on tho adsorption of oxygon on silvor at teiiiperaturea in this region, 
but Bonton and Drake2-' have found that at 188°C activated adsorption 
•ocurs, tho adsorption isotherm becoming flat at a pressure of 200 iiru 
Over the range of temperatures of the experiments on silver it is 
plausible to suppose that activated adsorption occurs and that this 
leaves different faces with different freo energies; as shown abovo 
this would explain why tho equilibrium state of a crystal surfaoo is not 
smooth but striated. 

Tha mechanism by v.hich the surfaoo structures form 

So fix only tho form which tho metal surfaoe takes up has been 
considered, tho various raeohanisms by which it changes from a polished 
surfaoe to a grooved and striated surfaoe have not been examined« 



I 

?.cport No. «let. 11 

?ron gonorol thorraDdynoaical consider^ tona it crn bo said that tho 
final equilib riv» structure will bo independent of tho mechanism by 
•..hich it is formed» 

In principle tho p.lishod surf act con change to its equilib ri via 
form by morns of ,at loost four different mechanisms:-    slip, viscous 
flo«, evaporation, and surface nigrc^on of ions.   All those might 
«ontributo to tho find 'result rod it is desirable to docido •which arc 
tho more important and \<hothor thoir: relative importance changes with 
tomporaturo. 

Slip is tho normal process by vftvich metallic crystals aro plastioally 
dofomod, and effectively it is tho slipping of whole atonio pianos over 
oaoh other in particular crystellogrtnhic directions.    In view of tho 
largo foroos nocossary it is extremely doubtful whether tho surface 
tension foroos arc sufficient to oauso any appreciable slip deformation 
oven at high temperatures. 

Viscous flow, clthough cor.raon in amorphous bodies, has only 
recently been invoked as a mechanism for the deformation of metals* 
Viscous flow in amorphous bodies occurs by the diffusion of a small    . 
nuofcer of holes, mainly in the direction of shearing stress.    Prenkel-5 

has shown that in eyrstalline metals vacant lattice sites occur whose 
nixtbor increases exponentially with temperature, and as the result of the 
diffusion of these through the lattice, metals can be expected to dis- 
play a viscous flow with a velocity gradient proportional to the shearing 
stress.    Tho theory has tho virtue that small forces acting for a long 
time oan produce appreciable deformation, but the viscosity is very 
temperature sensitive, and though it mi^it bo important in the deformation 
of the silver surface at 900°C, in vies/- of the mechanical properties of 
silver it is probably negligible at 300°G at which temperature the 
boundary groov.03 bogin to appear. 

i'rcnkel^O has given a detailed theory of the mechanisms of evapora- 
tion and surface migration.    As already mentioned, ho shows that at non 
aoro temporaturos the equilibrium form of a crystal surfaco is not flat 
but covorod by stops one atom doop.    Ho suggests that on tho surface of 
those stops there are -mobilo metallic atoms which bohavo as a tvro 
dimensional gas, and that on tho odgos of tho steps thoro aro mobilo 
ritom3 which bchavo as a ono dimensional gas. Evaporation procoods in 
three stagos; an atom loaves its lattice point at tho odgo of a step 
and joins tho ono dimensional gas on that odgo; at a later stage tho 
atom 1TOV03 from the one dimensional gas to tho two dimensional ges on 
tho 3urfaco of tho stop; lastly, evaporation into tho vapour phaso occurs 
•from among tho mobile surfaoo atoms.    This mechanism is a consequence 
of tho principle of detailed balancing and it i3 soon that tho existence 
of mobile surf aco atoms is a necessary preliminary to evaporation. 

Without going too deeply into tho process it is conceivable that 
evaporation fiam a non equilibrium surface will occur more rapidly in 
3omo plaoos than in othor3 and this mechanism above oould in time bring 
about the equilibrium surfaco. the effect of an inert gas or of tho 
mutallio vapour phaso would bo to rofloot back 3omo of the ovaporatod 
atoms so that thoy condonaod on tho surface in random positions thus 
allowing tho equilibrium form at the surfaoo to bo obtaihod with a 
smallor nott evaporation of metal than in vaouixa. 

Since, howovor, evaporation from a surface is preceded by tho 
existence of mobile atoms on tho surface it appears that an equilibrium 
surfaoo configuration would be obtained more readily by movement of 
these atoms in tho surfaco than by evaporation for \A1A6h additional 
energy is required.    5rcnkol-50 develop;; -K detailed theory for tho ohaago 
in shape caused by surfaoo tension forces, "..hich involves superimposing 
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upon theiunaon surface movements of the atoms, drift velocities in 
particular directions. 

In view of Johnson* iiseovery^-S that the surfaoe structure of 
tungsten filaments depends upon Whether they are toated "by A.C. or 
D. C. it is probable that though surface migration is the most important 
mechanism which enables a surface to reach the equilibrium condition, 
it is the migration of +ve ions, not neutral atoms as suggested by 
Frenkel.    ;mdrade53 has shown that silver showB surface migration on 
heating to temperatures as low as 280°C.    He sputtered silver films- 
30 - 100 atoms thick on glass and on heating them in a vacuum of 10"   mm. 
found that the film thickened in some places and flat crystals %/ith 
(ill) faces developed, leaving the silver film on the remainder of 
the glass thinner but still continuous.    Turner^ had previously 
found that silver foil 2 x 10"5 cm. thick become trensparont on heat- 
ing in air to 22fO°C. but not on heating in coal gas to 510°C, this 
was clso presumably caused by surface migration which loft very thin 
•areas in the silver film. 

The mechanism of surfaoe migration explains why, vihen grain growth 
ooour3,the boundary grooves always coincide with the instantaneous 
positions of the boundaries, and scars seldom remain in the old positions* 
After tho grain boundary hag moved away from a particular point of 
intersection with tho surfaoe the free energy condition for the existence 
of tho groove no longer holds, and the equilibrium condition for that 
partioular position of tho surface is that it should be smooth or 
striated; the surfaoe ions then migrate back and fill in the groove. 
If an artificial, groove is made by scratching the surface the sumo 
effect occurs; when the mutal is heated the fine structure of the 
scratch disappears in about twenty minutes at 850°G. and in fivo or 
six hours the scratch becomes much shallower.    The occasional appearance 
of soars corresponding to previous positions of the grain boundaries 
when grain growth occurs is explained by the fact that if for any 
reason the boundary halts for some time in one position the groove 
will get deeper with time and when the boundary moves away from that 
position tho groove takes longer to fill in« 

5 Conclusions 

Tho otohing effects on silver represent an approach to equilibrium 
governed by the reduction of tho free energy of the surfaoe and of the 
grain boundaries near tho surfaoe.    Tho prceenoe of specifio gases modify 
tho surfaoe free energy and different structures are formed«    It is 
believed that both the boundary grooves and the striations are pro- 
duood mainly by the surface i.iigration of ions, though other mechanisms 
may play a anall part. 
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Appendix I 

The Electrolytic --olishln»; of ailver. 

The apparatus used in the electrolytic polishing of silver 
specimens is shown in Pig. 1.  The electrolyte is contained in a 
perspex box of square section.  At the bottom of tho cell is fitted 
a silver cathode to which connection is made by silver wire sealed 
into the perspex base.  The specimen - a 2 cm. square of 8 S.7.G. 
sheet is supported in the electrolyte by means of a rubber "suokor" 
attached to a string which passes through a supporting tube and 
carries a counterpoise weight.  In this way the specimen is held 
against the end of the supporting tube and its position and orienta- 
tion can be adjusted by movement of the tube.  The position of the 
specimen is set to reference marks on the perspex cell.  Electrical 
connection to the specimen is made by means of a silver wire which 
fits into a hole drilled in the corner of the specimen.  The 
electrolyte found most., satisfactory is «imUm» to that used by 
Gibbortson and Fortner1 (Ag CM. 35 gnw/1. KCK. JO gm./l. K^OOj 38 
gm./l). 

The potential diff erenoe is applied to the oell by means of a 
potentiometer.  The variation of current with voltage is rapid at 
low voltages but decreases very much as the voltage is increased; 
the current only changes from 10 ma/om.2 to 12 ma/om.2 when the 
voltage is raised from 1.0 to 1.8 volts.  For any given oell the 
optimum values of current and voltage must be found by trial; in. 
the oell desoribed the best results are obtained with voltages 
around 1.5 volts.  This voltage is just below that necessary to 
produce tho spontaneous fluctuations of current referred to by 
Gibbertson and Fortner. 

To avoid surfaoe distortion, specimens are not mechanically 
polished prior to electrolytic trea-bnont; the as-rolled surfaoe 
is used.  Specimens arc degreased in benzol washed with alcohol 
and dried.  The specimen it. carefully set to the reference marks 
on the cell.  When the potential is applied, the current which is 
initially about 120 ma. falls rapidly to about 40 ma.  A dark 
grey film first fonus on the surface of tho specimen and then quite 
rapidly the colour changes to a straw colour.  Shortly afterwards 
the surface darkens along a number of irregular lines which divide 
the surface into areas about 1 mm. in diacicter.  These areas 
rapidly darken until the surface is uniform and the whole film 
gradually darkens until at the end of 10 minutes it is a grey green. 
At this stage, without switching off tho current, the specimen is 
removed quiokly from the electrolyte.  If the current is switched 
off before the specimen is removed silver is redeposited on the 
surfaoe.  The film is removed by gently passing the specimen over 
the surfaoe of a pieoe of -vet velvet.  Microscopic examination shows 
that the surface is now smoother but that traces of any scratches 
that were originally on the surfaoe still remain.  The specimen is 
electrolytioally polished for a further ten minutes and this time 
wnahod and dried in aloohol.  The surfaoe is now bright and though 
it has slight undulations these do not show in microscopy.  The 
crystal boundaries are not outlined but if tho critical conditions 
are departed freu pits or hills may occur.  A typiool polished 
surfaoe is shown in fig. 12(a) (x 150). 

It is essential that the polishing be done in two stages and 
the deposited film removed between the stages.  Polishing is only 
possible when the specimen is horizontal and the under surfaoe is 
being dissolved; voltage-current relations are quite different if 
the voltage is upplied to tho oell in tho reverse direction. 
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Yfhen the lower pieoe of silver is the anode;    the current is only 
1/3 rd at O.'S V and 1/6 th at 1.8 V of that when the anode is 
uppermost, and the specinun is etohed not polished. 

The mass of silver eleotrolytioally dissolved is approximately 
that calculated assuuing all the current i3 carried by silver ions, 
so that a thickness of about 10~3 ou. is ra.ioved in twenty nlnutes. 
If the voltage is below the critical value etching results, if above 
an insoluble oxide and/or cyanide film fortis on the surface. 

Reference 

No.      Author 

1  Gibbertaon A Fortner 

Title, etc* 

Trans. Electro Cheo, Soo. 81. 199 U9W). 

22 - 



i 

r 
hepor*. No. Met. 11 

iB—P II 

A-Purnace for High-Temperature itiorosoopy 

aThe requirements set in the design of a furnaoe for use in the 
microscopic examination of specimens at high temperatures, were that it 
could bu used with a microscope objective having a useful magnification up 
to «250; that fairl/ large ireas of the specimen could be scanned by 
movement of the speoimen relative to the objective and that the specimens 
could be examined in various atmospheres and at temperatures up to the 
malting point of silver.  Furnaces for high-temperature photomicrography 
have been described by Essex and Cornelius! and by Swinden, Howie and 
Cheaters^, but neither meets all these requirements« 

The limiting feature in the design of such a furnace is the working 
distance of the objective.  For objectives with the neoo33ary numerical 
aperture for the magnifications required the distance between the hot 
speoimen and the objective, which has to remain cool« is small anl this 
necessitates very efficijnt insulation of the specimen and cooling of the 
objective.  For the highest magnifications it was decided to use a 16 mm. 
aohromatio objective with 0.28 numeric .1 aperture and a -.working distance 
of 7 nm; this h;\3 a maximum useful magnification of about X250.  In view 
of the short working distance it was decided to use gas or a vacuum for 
thermal insulation rather than a porous refractory, (the conductivities 
are in the ratio of about 1:100) and reduce radiation losses by silver 
plating all hot surfaces.  The furnace fin-illy constructed is shown in 
Fig. 2.  The base of the furnaoe, made of mild, steel, stands on three adjust- 
able legs on the specimen support of a Vickers projection microsoope.  At 
the centre of the base is a glass window consisting of' a microsoope cover 
glass which is sealed in position by means of I.C.I, high temperature optical 
oement.  The speoimen - a 2 cm. square pieoe of 8 S.W.G.ailv'er - is supported 
above and about 4 ran. away from the window, on a stand made of heat resisting 
steel.  The speoimen rests over a circular hole in the oentre of the stand. 
The stand which consists of a square plate with three radiating arms is 
supported by adjustable screws at the ends of the arms; the  sorov/a have 
spherical ends and rest in grooves in the base of the furnaoe.  Above the 
speoimen is placed a sheet of aixicc l/LO ins. thick and on this rests the 
heater whidn consists of niohrome tape (ü. 1" x 0.002") wound on a similar 
silica sheet.  Heater and speoimen are enclosed in a box made of heat 
resisting steel.  The whole is enclosed by a cylindrical cap of mild steel 
which is provided with a flange and may bo bolted to the base to form, with 
a synthetic rubber gasket, a gas tight enclosure.  Inlet and outlet tubes 
are supplied in' the cap for the atmosphere required for the test.  The 
.-., .oiuA.ii is drilled so that a thermocouple may be inserted at its oentre, 
and the thermocouple leads pass out through the -.•.•all of the heat resisting 
steel hot-box by means of alumina insulators, as do the heater wires. 
Both thermocouple leads and heater leads pass out of the furnace through 
silvered porcelain insulators which are soldered into the base.  The 
thermocouples ore waxed into the insulators and the heater current is 
carried in copper wires which are soldered to the insulators.  All the 
portions of the hot-4>ox are silvered to reduce radiation losses and the 
supporting arms and sorews are thin to roduoe conduction.  The upper surface 
of the mild steel base is silver plated and polished to reflect radiant heat. 

To prevent the condensation of the silver on the glas3 windows and 
the consequent obscuring of the objeot, a shutter was placed between speoimen 
and window and only removed when the specimen was examined and photographed. 

Below the mild steel base is the cooling collar whj oh rests on the 
microscope specimen support.  The legs of the furnaoe base ore adjusted so 
that there is a distance of about 1 BBU between the collar and the base. 
The microscope objective lies in the central space of the cooling cvllar 
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with its front lens a little below the level of its top surface*      Coupresaed 
ir is supplied at an initial pressure of 10 Ib./3q.ins. through the two 
inlet tubes ind r.llowod to expand into the annular s*ace inside the collar. 
After expanding in this spr.ee it flows on to the surfaoo of thu lens and • 
thence radially outwards botwcen the oollr.r and the furnace base, thus 
cooling both'objective and glass window.      Experiments using a duu.y 
objective carrying a thermocouple showed that the te-.poraturc of the front 
lens did not rise acre than two or three degrees above roevi temperature« 

It has beun found that a Bpodtoen teuper&tura of 920°C. can bu 
'.mintr.ined %d.th a power consumption of 300 watts.      Because of the siall 
heat capacity of the furnace it is not possible to regulate the tcuperature 
with a commercial controller.     The current is therefore supplied by »eona 
of a oonstant voltage transformier and this enables  .ho current to bo controlled 
by hand to within 2 decrees without too frequent attention. 

'.Then Betting up the fumooe,tho height of tho base la first adjusted 
to give the required clearance between it nrä. the collar, then with thu 
objective front lens just below tho top surface of tho collar the specimen 
is levelled and its height adjusted by raeans of the screw supports of the 
hot b-*.      The specimen is set a little below the correct height for focus 
in order to allow for expansion when the apparatus heats up.      Afterwards 
when the cap is on and the furnace running focussing is achieved by means 
of the fine odjuslncht which inovcs the objeotive. 

Difficulty was experienced with a form of contai.iination which has not 
yet been fully explained.      It wa3 found that after a period of heating, 
in tho furnace strivtions gradually disappeared,  the process spreading 
slowly over the surface.      It was f nind by auxiliary tests that this could 
be caused by oontociimtion of tho surface by soue oonponent of the heat 
resisting steel.'   ' Although this has been reduced by the silver plating 
on the steel investigations still have to bo limited to 3 hours.      The 
thermocouple and heater wires also fans possible souroes of contamination. 
This offect is being investigated in detail. 
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APPHDII III 

The Evaporation of the Grixn . ouui try 

jtosenhain and Bwen postulated the existence of an auorphous layer 
at the grain boundary to explain the results of their experiments on the 
relative rates of evaporation of large and snail grained specimens.  To 
this layer «as attributed the properties of a separate phase; in particular 
it was regarded as po sessiiv a vapour pressure in excess of that of the 
orystalline material«  Additional support for the amorphous layer hypothosL s 
was given by the faot that at temperatures above the reorystullisation 
temperature and under suitable conditions of stress and tine, metals fracture 
in an intercr/stalline fashion as compared with fracture at lower tempera- 
tures which is transorystalline.  The time to fracture increases with de- 
creasing stress, as is also typical of super-cooled liquids with which an 
amorphous material may be compared. 

In order to gain some- idea of the properties to be expected in the 
hypothetical amorphous layer it is convenient to extend this comparison 
with a super cooled liquid.  The viscosity of a liquid is a function of 
its disorder, and decreases with increasing temperature.  The viscosities-1- 
of a number of liquid metals have been extrapolated below their Molting 
points and the temperature at which the viscosity becomes twice that at 
the melting point determined in each case.  In Table I AT shows the 
amount by which this temperature is below the melting point.  It is seen 
to be of the order of 200°C» and even 30 far below the Melting point the 
viscosity of the super ooolud liquid metal is loss than that of castor 
oil it room temperature (220 x 10"*2 poiso).  It is clear from the compara- 
tively large loads and tLaes neoo3sary to rupture metals in an inter» 
crystalline fashion that the disorder of the grain boundary material must 
therefore be less than that of the super-cooled liquid. 

TABLE A 

Motal M.P.°T AT(Z = 2Z H.P.) Z in Poise 

Bi 544 300°C. J 5.6 x 10 * 

Cd 594 A00°C. 3.0 x IO"2 

Hg 234 60^. 4     x 10-2 

Pb 602 300°C. 6      xlo-2 

1  Sb 903 300°C. 3      x lo"2 

t Sn 
i 

505 200°C. A«2 x 10~2 

The vapour pressure of the groin boundary material will therefore 
be loss than that of thi supor-oooled liquid -,-ihioh may be at.proximn.tely 
occiput ud. 

The difference between the specific heat 
the liquid at any temperature may be written 

of the solid and that of 

iGP 
a + ßT + Yfc3. 

Considering the Gibbs Free Energy G = E + pV - TS, the excess of the free 
energy of the super ocoled liquid over that of the solid uay be written 

ÄG = AH,, - aT ]n T - iß T2 - i YT3 + IT   (Rof .2)        (l) 
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Where  AKo - Change of Enthalpy at the melting point (latent heat of 
fusion) 

T    » Temperature 

X   a Constant of integration« 

If as an approximation Ac« ia regarded as constant.      Equation 1 reduces 
to * 

AG » AH,, - ACp T  to T + II. 

And substitution of known values in this equation enables I to be determined. 

For silver-'   AHQ » 11.700    joules/gnuatom.      felting point = 1234°T 

ACp s -2.9 joules/gm.  atom/°C. 

At the melting point   Ac • 0    and thus I may be evaluated 

0 a 11,700 + 2.9 * 1234 * 2.303 log 123V + 123W. 

1 = -3O.I3 joules/ gm. atom/°C. 

Therefore       Ac a 11,700 + 6.68 T log T - 30.13T (2) 

Assume that at a temperature    T    the vapour pressure of the solid 
is   pi    and that of the super-cooled liquid is   P2«      Then the solid will 
be in equilibrium with the vapour at a pressure   p,    and consequently have 
the  same free energy as the vapour at that temperature and pressure. 
Similarly the super-cooled liquid will have the sarao free energy as the 
vapour at pressure   p~. 

Because the vapour obeys the law of perfect gases its free energy 
may be written in the form 

G = Go(T) + RT to p.        (Hef.4) (3) 

Where    &0(T)    depends only on the temperature and   p    is the vapour pressure. ( 

Henoe the free energy of the solid may be written 

GB = Go(T) + RT  to PI (i,) 

and that of toe supor-ooolod liquid 

Gx = G0(T) + RT In p2 (5) 

The difference in free energy is then 

£G = RT In (P2/Pi) 

Henoe from equation (2) 

RT ln(P2/Pi) a 11,700 + 6.68 T log T - 30.13 T (6) 

Using tliis eiuation values of   P2/Pi    have been calculated for various 
temperatures ard are given in Table II.      Since the value of ACn    has 
been assumed constant at its value at the melting point the inaccuracy 
of the table increases for the lower temperatures. 
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oc °T »Vn 
961 123if 1.000 
950 12*3 1.007 
900 1173 1.02*2 
850 1123 1.081 
800 1073 1.130 
750 1023 1.186 
700 973 1.250 
650 923 1.330 
600 873 1.420 

It is seen that the vapour pressure of the super-cooled liquid is 
not much greater than that of the crystalline phase, at temperatures at 
which appreciable vaporisation occurs.      Since the vapour pressure of the 
amorphous phase, if it existed, would he less than that of the super-cooled 
liquid then assuming rates of evaporation proportional to the vapour 
pressures, grooves would only appear at the boundaries after considerable 
total evaporation had occurred, and the effect would be less pronounced at 
temperatures near the melting points. 

It is clear that the excess vapour pressure attributed to the amorphous 
layer at the grain boundary i3 insufficient to explain the increase»! rate 
ov   iv-qoration (ui out :~0fe) dbaarved by Rosenhain and liven and !   ber by 
'orvi •   in .iivi.1;   jrained specimens compared sith 1 ir • .    r-'.-i up-jcimuns. 

On the assumption of a grain diameter of 10~2 cms.  and a boundary thickness 
of even 5 x 10^> cm. the boundary occupies only one thousandth of the 
Burfaco area.      An increased rate of evaporation corresponding to the 
highest value of P2/P1 in TaHo II over this area would account for only 
an insignificant amount of the observed differences. 

Rosenhain and Ewen did not believe that the excess vapour pressure 
of the amorphous layer accounted for all the observed differences and 
suggested that the loss of weight due to the boundary was enhanced by 
evaporation from the walla of the grooves when once they formed. 

On the assumption that atoms leave a solid surface at a rate 
proportional to the equilibrium vapour pressure and in random directions 
according to Knudscn's oosine law it may be shown that the evaporation 
from a groove In an isotropic medium is the same as that from a flat 
surface of the dimensions of the neck of the groove. 
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Consider a hollow in an isotropic material.      Atoms are evaporating from 
the walls o. the hollow.      On Langmuirs hypothesis that all like atoms that 
hit a metallic surface condense, there v.ill be no reflection at the walls. 
Because of the high vacuum und low vapour pressure of the metal, atomic 
collisions in small hollows may he neglected (mean free path of silver vapour 
at 80OOC. - 20 cm.5). 

Consider the surface of the hollow   S^ xud the two imaginary 3urfaoes 
S~    in the plane of the surface of the surrounding metal and   S3   any 
arbitrary surface drawn to unclose the opening of the hollow. 

The number of atoms leaving an element of surface   dSj_ to pass through 
the element   dS.    of surface    S?   is by Knudsens Cosine law 

dnx P — cos *i dSjdw» (?) 

Allere   n   is the number atoms p^r unit volume under equilibrium conditions 

$    is the angle between the normal to   dS\    and the line joining 
as^ to as,. 

1;1 dwj is the solid angle uubtended by dS3 at dS. • 

Equation (7) may be wri+.ten 

aiq. - sä eu-i . Mi 
W       l      r.2 

(8) 

Where dA^ and dA* are the projected areas of dSj_ and dS, perpendicular 

to the line joining thun, and rj_ the distance between them. 

Now consider the area dS2 outlined in S2 by the solid angle dw^. 
If there was no hollow, the evaporation fror.i thi3 element of surface through 
the small area dS, would be 

dn2 =3°- dA2 2*2 
*5r 

(9) 

Where rg is the distance between dS2 
ana dSj and dAg is the projected 

urea once more. 

From (8) and (9) 

dnj/dng = dAx r2
2/dAg il2 B 1 (10) 

since dAj/r^ = dA2/r2 •V..',. 

Hence the number of atoms passing through US-,    from any element of the 
surface of the hollow is the same as that wliich would pass through it from 
a corresponding element on the surface if the metal was solid.  Thus the 
total number of atoms passing through (IS3 from the entire surface 3j 
is the some as that which would pass through 083 from the area of surface 
S2 oovering the hole.  Thus the total evaporation from the hollow i.e. 
the number of atoms passing through the surface S3 is no greater than 
that from a flat surface. 

f 
While therefore the formation of grooves increases the area of the 

metal it does not increase the nett rate of evaporation. 
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FIG.3. 

S**\> 

ibi 500» C (O 700-C. 

vfl#.,. 
d   850° C. (•) 940"C. 

FIG.3. THE EFFECT OF TEMPERATURE ON THE ETCHING 
SILVER HEATED IN AIR FOR II HRS.   X 250 
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•1 500' C 

FIG. 4 

:b> 700" C. 

e   850* C. 
di 940° C. 

FIG.4. THE EFFECT OF TEMPERATURE ON THE ETCHING 

SILVER HEATED IN AIR II HRS.   X 1500 

i 
• 

. 



FIG.5 

(a) AIR 11HRS.920*C. lb) OXYGEN. 11HRS.920*C. 

V 
s v> 

(e) NITROGEN. 11HRS.920*C id) VACUUM. I*HRS.920*C. 

FIG.5     THE EFFECT OF ATMOSPHERE ON THE ETCHING 

(SILVER IX250I) 
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FIG 6* 7 
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W/L aA 
/» 
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FIG.6. SILVER HEATED IN OXYGEN 
II HRS. 920'C i X 2.000 

FIG.7. SILVER HEATED IN AIR 
II HRS. 920° C   X 2.000 
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FIG.8&9 

FIG.8. SILVER HEATED IN OXYGEN 
17 HRS. 917» C. (X 1.500» 

FIG.9. ELECTRON MICROSCOPE REPLICA PHOTOGRAPH 
OF SILVER HEATED IN OXYGEN 17 HRS.WC. IX 2.5001 
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FIG.IO. 

,   NITROGEN II HRS. 

 | 

W W AFTER I HR. * NITROGEN 
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(bl tat AFTER I HR  AIR 

Ml 
(d) (c) AFTER 2 HRS. IN NITROGEN 

I (fl (•) AFTER I HR. IN AIR 

'- „G ,0. THE «EVERSIBIUTY OF STRIAT.O 
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~ FIG.II*I2. (a-d) 

i '. *-  -• •   ••« % Iff 

«V 

EM 

FIG.II. HARD ROLLED SILVER ELECTROLYTICALLY ETCHED 
SILVER   X 100 

a   ELECTROLYTICALLY POLISHED SURFACE    b   6 MINS. TEMP. UP TO 575' C. 

8 

i 

e   9 MINS. TEMP. UP TO 670* C d   19 MINS. TEMP. UP TO 850" C. 

FIG. 12. (a-d) HIGH TEMPERATURE PHOTOMICROGRAPHY 
SILVER   X iOO 
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\ e   25 MINS  TEMP. UP TO 900# C. 

FIG.I2. (e-i) 

(fl 40 MINS TEMP. UP TO 917- C 

~ 

g   SO MINS. TEMP. UP TO 927» C. (h) 60 MINS. TEMP. AT 920#C. 

1 

I 
! 
i 

i   70 MINS  TEMP  AT 920 °C. (j) 92 MINS. TEMP. AT 920"C 

FIG. 12. (e-i) HIGH TEMPERATURE PHOTOMICROGRAPHY 
(SILVER   X 100)! 
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